A possible path for fabricating three-dimensional metamaterials with curved geometries at optical and infrared frequencies is to stack flexible metamaterial layers. We have fabricated highly uniform metamaterials at terahertz frequencies on large-area, low-stress, free-standing 1 m thick silicon nitride membranes. Their response remains comparable to that of similar structures on thick substrates as measured by the quality factor of the resonances. Transmission measurements with a Fourier transform infrared spectrometer highlight the advantage of fabricating high frequency metamaterials on thin membranes as etalon effects are eliminated. Releasing the membranes enables layering schemes and placement onto curved surfaces in order to create three-dimensional structures. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3114416͔
For the past few years, metamaterials have attracted considerable attention partly due to the promise of devices that exploit their electromagnetic properties, which are not readily available in naturally occurring materials.
1-3 While much effort has been devoted to one-dimensional structures based on planar arrays of metallic metamaterial units on a dielectric substrate, two-and three-dimensional ͑3D͒ structures still remain challenging to fabricate at terahertz ͑THz͒, infrared, and visible frequencies, although they are required for many of the proposed applications.
2,4 Some of these challenges arise from fabrication approaches based on rigid ͑quartz, Si, GaAs͒ substrates with high dielectric constants that are thick ͑ϳ600-1000 m͒ compared with the target wavelength. Other approaches have centered on stacking single layers ͑tens of microns thick͒ [5] [6] [7] or multilayer processing 8, 9 but have been limited to planar implementations and small areas ͑Ͻ1 cm 2 ͒. In an effort to address these issues, we have developed a process to fabricate metamaterials on large-area, free-standing, thin silicon nitride ͑Si 3 N 4 ͒ membranes. Membrane based metamaterials can be formed into 3D structures by folding, 10 layering, removing them from the host substrate, placing them onto curved surfaces, or a combination of the above. Unlike the only other report of metamaterials fabricated on 100 nm silicon nitride membranes, 11 our membranes are 1 m, thick enough to allow some manipulation but thin enough to be ductile and conform to various curved surfaces. Moreover, fabricating metamaterials on thin membranes offers other advantages: it lowers the effective permittivity of the supporting media, an important feature for sensing applications, 12 and it reduces the dielectric losses due to the substrate and enables simple transmission measurements at higher frequencies than in comparable thick substrate based metamaterials where etalon effects can confound the results.
We chose to fabricate metamaterials with a resonant response in the terahertz range ͑f = 0.1-10 THz, = 3000 −30 m͒ due to ease of fabrication and the availability of powerful broadband phase sensitive measurement techniques ͓time-domain spectroscopy ͑TDS͔͒. In addition, the scalability of the designs allows us to use the terahertz range as a test bed for different designs that can be scaled to other frequencies of interest. 13, 14 Single-layer metamaterials were fabricated on 4 in., 550 m thick Si wafers coated with 1 m, low-stress Si 3 N 4 using plasma enhanced chemical vapor deposition ͑PECVD͒. In order to open windows to the metamaterials on the front side at a later processing step, four Si 3 N 4 -free windows were defined on the back side of the wafer using reactive ion etching. The front side of the wafer was patterned with 15 different metamaterial designs using evaporated Ti/Au ͑200 Å/500 Å͒ and lift-off techniques. The wafer was subsequently mounted in a wafer holder, which protects the front side in order to remove the Si substrate from the Si 3 N 4 -free windows by immersing it in a KOH bath. For more details on the fabrication procedure, see Ref. 15 . When removed from the wafer holder, the metamaterials are patterned onto four, free-standing, ϳ͑3.0 ϫ 2.3͒ cm 2 , 1 m Si 3 N 4 windows ͑see center inset of Fig.  1͒ . All windows are divided into quadrants, each with a different metamaterial design covering a ϳ͑1.4ϫ 1͒ cm 2 area. Visual inspection reveals highly uniform patterning across that area. One quadrant in one of the windows was intentionally left unpatterned to use as a reference.
In order to understand the effect of having a thin Si 3 N 4 membrane as a substrate for terahertz metamaterials ͑mem-brane thicknessӶ 300 m ϳ 1 THz͒, we measured the transmission properties ͑phase and amplitude͒ of all 15 metamaterial designs. We used a terahertz TDS system based on photoconductive antennas for both the source and the detector at room temperature in a dry ͑Ͻ1% relative humidity͒ air atmosphere. 16 The polarization of the optical field was perpendicular to the gaps and transmitted normal to the plane of the metamaterials ͓see insets of Figs Figs. 1͑a͒ and 1͑c͒ show the results of finiteelement modeling using CST MICROWAVE STUDIO. 17 The modeling results also indicate that the observed resonances are the result of induced circulating currents associated with inductor-capacitor ͑LC͒ resonances.
Having a 1 m thick Si 3 N 4 membrane as a substrate shifts the Fabry-Pérot oscillations due to reflections outside of our region of interest; therefore we were able to extend the characterization spectral range ͑1-10 THz͒ using a Fourier transform infrared ͑FTIR͒ spectrometer equipped with terahertz optics. Measurements were performed at room temperature in vacuum. Unlike the TDS technique, the FTIR measurement is incoherent; therefore it only provides the normalized transmission electric field amplitude spectra. The results for a metamaterial design consisting of a single splitring resonator ͑SRR͒ are presented for terahertz radiation polarized parallel ͓Fig. 2͑a͔͒ and perpendicular ͓Fig. 2͑c͔͒ to the gaps and transmitted at normal incidence ͑see insets͒. In both cases we observe multiple resonances, some of which are polarization dependent ͑asterisk͒ while others are not ͑ar-rows͒. For terahertz radiation perpendicular to the gap ͓Fig. 2͑c͔͒, we were able to match the positions of the low frequency resonances obtained from both, the TDS ͑open symbols͒ and the FTIR ͑solid͒ measurements to within, at most 2%. There are more significant differences between the transmission minima values as well as line widths of the resonances, which are still under investigation. We speculate that they may be accounted for by the excitation dynamics of the standing-wave plasmon modes responsible for the resonant response 18 and their interaction with a ϳ10 ps long pulse compared to a continuous wave, incoherent source. We also performed electromagnetic modeling using finite-element software and were able to reproduce qualitatively most of the features observed in the measurements and their relative positions for both polarizations as shown in Figs. 2͑b͒ and 2͑d͒. There are several possible explanations for the differences observed. A constant permittivity and loss tangent value for bulk Si 3 N 4 at 9.5 GHz were used in the simulations as frequency dependent values for Si 3 N 4 membranes were unavailable in the terahertz region. There can also be variations between the ideal, simulated devices and the imperfect, fabricated ones as well as limited resolution in the modeling of thin membranes. The differences observed in the 1-3 THz region might be due to the effect of higher-order modes. 19 Note that at frequencies above 4 THz we are no longer within the effective medium approximation as at that point the periodicity ͑75 m͒ becomes comparable to the wavelength.
In order to compare the performance of the metamaterials on Si 3 N 4 membranes with those previously fabricated on thick substrates, we calculated the quality factor Q = 0 / ⌬ of the LC resonance for some of our designs and similar ones found in the literature, where 0 is the resonant frequency and ⌬ is the full width at half maximum. The samples chosen from the literature had the same geometrical shape as our designs with either very similar geometrical parameters to ours or very similar resonance positions. From this comparison ͓see Fig. 3͑a͔͒ , it is evident that the structures fabricated on Si 3 N 4 membranes have comparable, although slightly smaller, Q's to similar structures that appear in the literature. To understand this result we need to consider the role of the substrate, or lack thereof, and the effect of coupling between resonators due to modified fringing fields as well as the metallization thickness, which is less than the skin depth ͑␦͒ of the terahertz radiation, at 1 THz ␦ Au ϳ 75 nm and ␦ Ti ϳ 325 nm. The thickness of Ti used in these samples renders it completely transparent within this frequency range, whereas the thickness of Au is comparable to ␦ Au . To examine the role of ␦ Au in determining Q, we plot Q as a function of the Au thickness normalized by ␦ Au at the resonance position for the 15 metamaterial designs fabricated on Si 3 N 4 ͓Fig. 3͑b͔͒. Keeping in mind that the shape, size, and periodicity of the metamaterials contribute to Q, we note that for the SRR, E1 ͑see Fig. 4͒ and E2 designs there is a clear trend toward increasing Q as the Au thickness approaches ␦ Au . This observation is supported by recent investigations on the role played by the metallization thickness on the resonant features. 20 From the analysis presented in that study, by increasing the metallization thickness we may get up to a 50% decrease in the transmission minima value, which could translate into an increase in Q. A Au thickness of 2500 Å would allow for optimal operation at frequencies of Ͼ0.1 THz.
Once the metamaterial covered membrane is fabricated, it can be removed from the Si wafer and placed onto a host material, which can be planar or a curved 3D object. Figures  4͑a͒ and 4͑b͒ show a piece of metamaterial covered membrane, which was removed from the wafer and wrapped around a 1.5 mm diameter Tygon tubing without breaking, highlighting the ductility of the membrane. Proper selection of the material used to support the membrane can ensure that it will not interfere with the metamaterials' electromagnetic behavior, or that it will do so in some desired manner.
We have fabricated highly uniform metamaterials on large-area, low-stress, free-standing, 1 m thick Si 3 N 4 membranes as potential building blocks for 3D metamaterials with curved geometries. Although implemented at terahertz frequencies, this procedure can be extended to optical and infrared frequencies. We characterized their response using THz-TDS and FTIR spectroscopy. From the former we conclude that their low frequency resonant response remains comparable to that of similar metamaterials fabricated on thick, rigid substrates with high dielectric constants. The latter illustrates the advantage, for characterization purposes, of fabricating high frequency metamaterials on thin membranes where etalon effects are eliminated. We also present evidence that the metamaterial covered membrane can be removed from the surrounding wafer and placed onto a curved surface. The present work enables the study of nearly freestanding metamaterials and their fabrication into curved 3D structures at terahertz and higher frequencies. 
